The acceleration of electrons and protons caused by a super-Dreicer electric field directed along the longitudinal component B y of the magnetic field is investigated. The three-component magnetic field in a nonneutral current sheet occurring at the top of the reconnecting flaring loops on the charged particle trajectories and energies is considered. Particle trajectories in the reconnecting current sheet (RCS) and their energy spectra at the point of ejection from the RCS are simulated from the motion equation for different sheet thicknesses. A superDreicer electric field of the current sheet is found to accelerate particles to coherent energy spectra in a range of 10-100 keV for electrons and 100-400 keV for protons with energy slightly increasing with the sheet thickness. A longitudinal B y component was found to define the gyration directions of particles with opposite charges toward the RCS midplane, i.e., the trajectory symmetry. For the ratio B y =B z < 10 À6 the trajectories are fully symmetric, which results in particle ejection from an RCS as neutral beams. For the ratio B y =B z > 10 À2 the trajectories completely lose their symmetry toward the RCS midplane, leading to the separation of particles with opposite charges into the opposite halves from an RCS midplane and the following ejection into different legs of the reconnecting loops. For the intermediate values of B y /B z the trajectories are partially symmetric toward the midplane, leading to electrons prevailing in one leg and protons in the other.
INTRODUCTION
Particle acceleration in solar flares is assumed to have a few different stages occurring at different depths of a flaring atmosphere. The acceleration in the corona is most likely to be caused by the electric field occurring in a current sheet formed by reconnecting loops (Benz 1987; Foukal & Hinata 1991; Litvinenko & Somov 1995) , while in the lower corona and chromosphere, the acceleration of protons and electrons by shocks and plasma waves can be very efficient (Decker & Vlahos 1986; Cargill, Goodrich, & Vlahos 1988; Anastasiadis & Vlahos 1991; Pryadko & Petrosian 1997 ).
The problem of particle acceleration by the electric field was first solved semianalytically using motion equations for protons and electrons in a geomagnetic tail (Speiser 1965) . It was further investigated for a simplified distribution function of magnetic induction in a vicinity of the current sheet midplane of a solar flare (Litvinenko & Somov 1993) . The first simulations of proton and electron motion in the super-Dreicer electric field of a current sheet were carried out for a tworibbon flare with the ambient plasma drift throughout the current sheet with strong tangential and weak transversal components (Martens & Young 1990, hereafter MY90) . The accelerated particles were found to be ejected as a neutralized particle beam with nearly zero pitch angles and proton energies of about 100 keV in the direction of a tangential component.
The further investigation of particle acceleration by a superDreicer electric field in a three-component weak magnetic field of a geomagnetic tail (Zhu & Parks 1993, hereafter ZP93) has revealed that a nonzero longitudinal magnetic field component (hereafter B y ) can significantly change the energy of ejected particles and lead to the particles of different charge being ejected asymmetrically from a midplane of the reconnecting current sheet (RCS). The analytical evaluation of proton and electron motion in an RCS occurring in flares with a strong magnetic field (Litvinenko 1996, hereafter L96) revealed that the bigger the B y /B x ratio, the higher is the energy that particles gain prior to their ejection from the RCS, although, similar to MY90, the electrons and protons were concluded to be ejected from an RCS with the same velocities and, possibly, as a neutral beam.
However, a comparison of the results by MY90 and L96 with those of ZP93 raised the following questions: (1) Are the electrons and protons accelerated to the same velocities? (2) Are they ejected from the RCS as neutral or separate (electron and proton) beams? Since none of the authors have presented trajectories of the particle motion inside the RCS, this puzzle can be resolved with numerical simulations of these trajectories for the three-dimensional magnetic field topology of the magnetic and electric fields relevant to solar flares.
The models above have considered particle acceleration in the two-dimensional magnetic field with the reconnection process (a Petchek-type reconnection) and particle acceleration occurring only in the tangential (X-direction), i.e., a function of the distance from the midplane. Recent analytical studies of magnetic reconnection in the three-dimensional magnetic field topology revealed that the reconnection process can occur in both the tangential and perpendicular magnetic field components, or for the slow and fast reconnection, respectively, providing the exact analytical solutions of magnetic field variations in a vicinity of the neutral X-point of an RCS . The acceleration of protons was analytically investigated in a vicinity of the X null point for the two-dimensional reconnection process (for transversal and perpendicular magnetic field components B x and B z in MY90; Heerikhuisen, Livinenko, & Craig 2002) adopted from the three-dimensional analytical solutions found by . For reasonable magnitudes of the ambient plasma resistivity in an RCS, protons were found to gain the power-law energy spectra of E À3/2 for nonrelativistic energies and slightly steeper for the relativistic ones and the energies up to 1 GeV, which is high enough to explain those observed from solar flares (Heerikhuisen et al. 2002 ). However, for particle acceleration the authors did not take into account the third magnetic field component and, as a result, did not make any conclusions about particle trajectories toward a current sheet midplane and after their ejection from the current sheet, which is still an open question.
Therefore, the main objective of this research is to investigate if the proton and electron separation does occur at acceleration in an RCS and, if yes, how the particles are accelerated from thermal energies and at what energies and velocities they are ejected from a current sheet. Hence, we simulate particle trajectories and energies gained in acceleration by the super-Dreicer electric field occurring in a nonneutral RCS with the three magnetic field components. We consider a thin layer of RCS located close to the particle ejection site for the simplified three-dimensional magnetic field topology similar to those used by MY90 and ZP93. However, unlike Heerikhuisen et al. (2002) , the longitudinal B y and tangential B x magnetic field components are accepted to be constants and only the perpendicular component B z varies along the direction X.
The model of proton and electron acceleration is described in x 2. The results are discussed in x 3, where the particle trajectories and acceleration paths are estimated in x 3.1 and compared with the simulated trajectories in x 3.1.2. The gained energy and velocities are discussed in x 3.3, and the conclusions are presented in x 4.
DESCRIPTION OF THE MODEL
Similar to the model of the magnetic field in a geomagnetic tail (ZP93), we consider a three-component magnetic field topology of a reconnecting nonneutral current sheet with a strong tangential component along the Z-axis and two weak perpendicular and longitudinal components along the X-and Y-axes suitable for solar flares (Litvinenko & Somov 1993 ; L96; see also Fig. 1 ) with a super-Dreicer electric field being directed along the Y-axis. Both the electric and magnetic field components are assumed to vary along the X-coordinate only, similar to the model suggested by MY90.
Proton and electron trajectories are calculated from the motion equation
where r and V are particle position and velocity vectors, respectively, E ¼ fE x ; E y ; E z g is an electric field strength vector, and B ¼ fB x ; B y ; B z g is a magnetic field induction vector. The X-, Y-, and Z-components of magnetic field B are taken from the one-dimensional magnetic reconnection models and defined as (MY90; L93) B z ¼ B z 0 tanh ðÀx=dÞ, B x ¼ B x 0 , B y ¼ þB y 0 or B y ¼ ÀB y 0 , where B z0 is the initial magnetic field component along the Z-axis, B x and B y are the perpendicular and longitudinal components of the magnetic field, which are assumed to be constant, and d is the thickness of the current sheet. The electric field is assumed to be constant through the RCS, i.e., E ¼ ½0; E y ðxÞ; 0, where
Following Ampere's law, the electric field E y can be described by the formula
where V inflow is the plasma inflow velocity along the X-axis, is the ambient plasma conductivity, and is the magnetic permeability.
Since the electric field is assumed to be constant, E y is constant in both the diffusion (reconnecting) region and the region outside an RCS. Because of an enhanced resistivity in an RCS, inside a diffusive region, the second term on the right-hand side of equation (2) will prevail. On the contrary, outside the RCS a conductivity is high, so the resistivity is very small, which results in a domination of the first term in equation (2), i.e., V inCow B z0 3 1= ð Þð@B z =@xÞ (Somov 2000) . Hence, knowing the electric field outside a diffusive region, one can estimate the electric field inside an RCS.
The electric field outside an RCS can be estimated as follows: Keeping in mind that the plasma inflow velocity V inflow is smaller than a local Alfvén speed V A by about 2 orders of magnitude, i.e., V inCow $ 0:01V A (Priest 1984) , where V A ¼ B z0 =ðÞ 1=2 , the electric field outside an RCS region (and, consequently, inside an RCS) can be estimated as follows:
After a substitution of the accepted magnetic field parameters (see Table 1 ), the electric field E was found to be about 100 V m À1 , which is 4 orders of magnitude higher than the Dreicer field (MY90).
We assumed the following physical conditions of the ambient plasma in the current sheet: a temperature T ¼ 10 6 K and density n ¼ 10 16 m À3 . Then the corresponding local Alfvén speed was V A ¼ 2 ; 10 6 m s À1 and the thermal velocities were about 10 5 m s À1 for protons and 10 7 m s À1 for electrons. Since the inflow velocity V inflow is much lower than the thermal velocities of protons or electrons, their starting velocity is accepted to be the thermal one. The mean free path of protons and electrons was a factor of 10 8 m.
The characteristics of electron and proton motion in the electric and magnetic fields, accepted in a current sheet for the two magnitudes of the initial (thermal) velocities, are summarized in Table 1 . There w B is a magnetic gyrofrequency, P B is a gyration period ð2/w B Þ, and R B ¼ m=q ð Þ v=B ð Þ is a gyroradius calculated for the two particle energies E ¼ 100 eV (cols.
[4] and [5] ) and 10 keV (cols.
[6] and [7] ). The characteristic thickness d of a current sheet was considered to be equal to 10, 30, and 100 m. The magnetic field components were chosen relevant to solar flares, i.e., B z 0 ¼ 0:01 T, B x 0 ¼ 0:0001 T, B y 0 ¼ 0:00001 0:01 T (Poletto et al. 1975) .
The trajectories were found from the numerical integration of motion equation (1) for a large number (up to 10 5 ) of test particles (Birdsall & Langdon 1985) . The calculations were performed for the lower and upper limits of the particle thermal velocities and magnetic field components as per Table 1 . The second-order Runge-Kutta (the predictor-corrector) method was used. The integration time step for protons or electrons was chosen to be much smaller than the corresponding gyroperiod (see Table 1 ), that is, dt 0:1 m=q ð ÞB À1 z ; i.e., for protons it was about 10 À7 s and for electrons it was reduced to 4 ; 10 À11 s.
RESULTS AND DISCUSSION

Evaluation of Particle Trajectories
Let us analyze, in general, the particle motion in a current sheet, following Speiser (1965) and MY90 but with the proposed magnetic field topology. After entering a current sheet with thermal velocities, the motion of a charged particle consists of the three components. The first one is a direct acceleration along the electric field E y . The second one is a rapid oscillation around the midplane of the current sheet imposed by the B z component of the magnetic field. In the absence of other magnetic field components, the particle is linearly accelerated by the electric field while traversing the whole length of the current sheet. However, in the presence of the perpendicular B x (considered by MY90) and longitudinal B y (considered here) magnetic field components the particle has the third type of motion: a gyration, which, in turn, splits into the gyrations in the (Y, Z )-plane (owing to B x component) of the sheet and in the (X, Z )-plane (owing to B y component).
The Acceleration Time
Following Speiser (1965) and MY90, let us assume that a charged particle is accelerated during a quarter of its gyration period around the B x component of the magnetic field (Table 1, third column); then the characteristic time of a particle motion (acceleration) in the electric field can be estimated as follows:
'
x 0 . This is similar to the estimations of t ' 3:2 m=q ð ÞB À1
x 0 obtained by ZP93 (their eq. [43]). However, in the presence of a strong guiding magnetic field (B y in our model) the acceleration times for both protons and electrons can be significantly different from the ones estimated above. This is discussed in x 3.4.
The Particle Trajectories
At the first approximation, a particle trajectory can be derived by neglecting in motion equation (1) the rapid oscillations about an RCS midplane due to a B z component, i.e., by imposing dx=dt ¼ 0. Then the equations can be rewritten as follows:
Then the first approximate solutions can be found by integrating this system and assuming that xðtÞ ¼ xðt ¼ 0Þ and 
Electrons: Note.-See the text for details.
yðt ¼ 0Þ ¼ zðt ¼ 0Þ ¼ 0, so that it can be written for the particle velocity components
and for the particle radius vector components x I ðtÞ ¼ xðt ¼ 0Þ;
These results for y-and z-components of the particle trajectories under the accepted assumptions are similar to the solutions obtained by ZP93 (their eqs.
[37] and [42] ). In order to calculate the x-coordinate of a particle at the ejection, the second approximation has to take into account particle gyration imposed by the B x and B y components. Let us present the harmonic sine and cosine functions in the solutions for y I ðtÞ and z I ðtÞ with the first members of their series approximations and substitute these solutions into equation (1) for the x-component. The latter can be rewritten as follows:
The first term contains the x/d ratio and can be neglected for the estimations in a first approach, since we consider the motion just before the ejection from the RCS where x < d. Then the equation can be rewritten in the form that can be immediately integrated provided the following solutions (for x 0 % 0):
x II ðtÞ ¼ 1 120
From equation (8) the sign of the x-component of velocity is dependent on the sign of the y-component of electric field strength and x-and y-components of magnetic field induction. There are the two possible combinations of the magnetic and electric field directions producing either a left-hand or righthand gyration of protons:
By substituting equation (9) into equation (8), it can be noticed that if B y corresponds to left-hand gyration, V x and x are positive for electrons and negative for protons, and if B y is defined by right-hand gyration, V x and x are positive for protons and negative for electrons. Hence, in the presence of a nonzero third component of magnetic field, electrons and protons accelerated by a super-Driecer electric field in an RCS are to be ejected from it into the opposite sides of the midplane X ¼ 0. This is confirmed by the simulations of particle trajectories discussed in x 3.2.
The Energy of the Ejected Particles
Now, using the estimated acceleration time and particle velocities, one can estimate the energy of a particle before its ejection from the RCS. The V y is a dominant velocity just prior to the ejection. Then the resulting energy can be estimated as " ' m=2 ð ÞV 2 y ðÞ. A substitution of the acceleration time and velocity (eq. [3]) into the above estimation provides a formula for energy at the ejection from an RCS:
from which protons and electrons are estimated to have different energies but the same velocities as in the estimations by MY90 and L96.
The Simulated Particle Trajectories
The trajectories found from the simulations are presented in Figure 2 for protons and in Figure 3 for electrons.
Protons, after entering the current sheet with thermal velocity, are slowly accelerated by the electric field into the positive direction of the Y-axis with little dependence on its initial velocity while oscillating around the midplane ðX ¼ 0Þ. After it approaches the RCS edge with a velocity along Y-axis (see eq.
[9]) defined by the electric field and the X-component of magnetic field B x , when it rotates so that its V y velocity becomes the V x one, the particle gets ejected from the current sheet into the negative Z-direction (as predicted by MY90 and L96). However, depending on the signs of other components of the magnetic field (B y , in particular), the protons are ejected either into the semispace of X > 0 (in the case of the left-hand topology) or into the semispace X < 0 (in the opposite case).
As far as electrons are concerned, their motion inside the RCS is strongly dependent on their initial thermal velocity (Fig. 3, top panel ) . After an electron is drifted inside the current sheet, the higher its initial velocity, the more gyrations it does. The electron trajectory and energy gained are dependent only on its initial coordinate and magnetic field topology according to equation (4) protons, electrons are ejected along the negative Z-component of the magnetic field, similar to the results of MY90. However, the trajectories in Figure 3 reveal that for the topology B x B y E 0 < 0 the electrons are ejected into the semispace X < 0 (while protons are ejected to the semispace X > 0), and for the topology B x B y E 0 > 0 they are ejected into the semispace X > 0 (while protons are ejected to the semispace X < 0). These results are different from the simulations of MY90 and conclusions of L96 because the electron and proton trajectories are asymmetric toward the RCS midplane ðX ¼ 0Þ.
Let us introduce an asymmetry rate (AR), which defines a ratio of the number of particles with opposite charges present in each semiplane from the RCS midplane. AR is a measure of accelerated particles losing their motion symmetry toward the midplane of an RCS:
where N p+ , N e+ and N pÀ , N eÀ are the abundances of protons and electrons ejected into the positive ðX > 0Þ and negative ðX < 0Þ semispaces from the RCS midplane, respectively. Apparently, AR ¼ 0 when the particles are equally ejected into both positive and negative semiplanes from the midplane and AR ¼ 1 when particles of the opposite charges are ejected into opposite semispaces depending on the magnetic field topology (eq.
[9]). The variations of AR versus B y /B z are plotted in Figure 4 for the values B y /B z corresponding to the different RCS models.
The ratio B y /B z defines the trajectory symmetry toward the RCS midplane. There are three possible cases occurring in an RCS with the three-component magnetic field topology: ð1ÞB y =B z 10 À6 leads to ejection of fully neutralized beams (similar to MY90 and L96), (2) B y =B z > 1:5 ; 10 À2 results in ejection of completely separated beams of protons and electrons (ZP93), and (3) 1:0 ; 10 À6 < B y =B z < 1:5 ; 10 À2 leads to ejection of partially neutralized beams; i.e., in one of the legs [the (X, Z )-semiplanes] protons dominate, while in the other electrons do.
The asymmetry condition AR can be compared with those introduced by ZP93 for a weak magnetic field and defined by the ratio B y /B x (see eq.
[34] in ZP93). The latter can be rewritten as B y =B x ! ðq=mÞðd=192ÞðB 2 x =E y Þ. For the model RCSs relevant to solar flares this ratio is 1:5 ; 10 À4 , which is easily met for our models: B y =B x ¼ 1 (this study), 1, 10 (ZP93), and 100 (L96). Both ratios B y /B z and B y /B x point to a very small value of B y < 10 À6 T under which the particles are ejected symmetrically from the RCS. In the majority of the cases occurring in solar flares when B y ! 10 À6 T, reaching 10 À4 T or higher (L96), it leads to a full or partial separation of electrons from protons at the ejection from RCS.
The Energy Spectra at Ejection
A comparison of the estimated and simulated acceleration times and energies at ejection is presented in Table 2 , and the simulated energy spectra for protons and electrons are presented in Figure 5 .
The energy spectra at ejection from the current sheet are found to have very narrow pitch-angle distributions, being practically coherent for both protons and electrons. The protons leave a current sheet with the energy increased from their initial thermal energy of 100 eV by 3 orders of magnitude to $100 keV. The electron energy at the ejection is increased to $30-100 keV for an RCS with thickness of 10 or 100 m, which is about 2-3 orders of magnitude higher than the thermal one. Protons were estimated to increase the energy to 50 keV and electrons to 100 eV, while in the simulations there energy increased by a factor of 2 for protons and a factor of 10 3 for electrons. This difference is caused by additional gyration of particles around the transversal B x and longitudinal B y magnetic field components, which is longer for electrons and shorter for protons. In addition, the RCS with bigger thickness produces more energetic electrons and does not affect protons (Table 2, A comparison of the coherent proton spectra obtained here with those calculated by Heerikhuisen et al. (2002) shows that the latter have a power-law energy distribution E À3/2 . This occurs because in the present model we consider an RCS located far away from the X null point, so that the only magnetic field Z-component is a function of the current sheet thickness (x-coordinate), while all the other magnetic field components are constant. Hence, our RCS is a rather thin part of the whole RCS considered in the model by Heerikhuisen et al. (2002) . Their RCS contains the X null point in the center of coordinates so that the X-component of the magnetic field is set to be a function of the distance Z from the RCS center. As a result, the energy gained by particles in the thin RCS is coherent and defined by the value of B x (which is 1 G in our model). In the whole RCS, like in the model by Heerikhuisen et al. (2002) , the two magnetic field components (B z and B x in our model) vary as a linear function of X (our Z ), leading to power-law energy spectra of the particles at ejection from the current sheet.
The essential difference between the current simulations and estimations in x 3.1.2 (and the results by MY90 and L96) is that electrons and protons accelerated by a super-Driecer electric field in an RCS have significantly different velocities at the ejection point: ð3 6Þ ; 10 6 m s À1 for protons and ð7 10Þ ; 10 7 m s À1 for electrons (see Table 2 , col.
[6]). This difference can lead to different precipitation times to deeper atmospheric layers where hard X-ray emission is formed and, in turn, can result in different spectral signatures of the hard X-ray footpoints from the same reconnecting loops that are discussed in x 3.4.
General Discussion
The current model of particle acceleration by a direct current was based on the local model of magnetic reconnection in a current sheet with the only magnetic component B z varying along one axis X while the other B x and B y components are constant (see Somov, Titov, & Verneta 1987; MY90) If one takes into account the variations of both magnetic field components B x and B z with the distance X (our Z ) within an RCS Heerikhuisen et al. 2002) , it results in much higher energies of acceleration (up to 1 GeV) and, hence, higher velocities at ejection than simulated in the current paper, as well as in the energy power-law spectra of E À3/2 . However, we found that a consideration of the third component B y leads to violation of the particle symmetry toward the current sheet midplane, similar to the results by ZP93 obtained for a geomagnetic tail. The particles are found ejected to the opposite sides from the RCS midplane, leading to their further precipitation into the opposite legs of reconnecting loops. This effect concluded from the simulations above appears to be rather similar to the observed asymmetry in particle acceleration in the geomagnetic tail obtained from the in situ measurements with satellite payload (see, e.g., Chen 1992; Martin, Speicer, & Klamczynski 1994) .
Of course, a global topology of the magnetic field in the reconnection region can influence the particle motion just before and after its ejection from an RCS (Gorbachev & Somov 1989; Antiochos 1998; Karpen et al. 1998; Somov & Oreshina 2000) . However, in the first approach, MHD turbulence inside the RCS, which can change the particle trajectory, can be neglected according to Litvinenko & Somov (1993) , since a particle mean free path is much longer than the RCS dimensions. There are no other means that can change particle orbits inside the RCS; hence, the particles are likely to be ejected from it into the opposite directions from an RCS midplane as in our simulations. The electric current is confined only to a current sheet located along the separator formed by the reconnecting loops. After particle ejection from an RCS on their way into the loop's legs, there are some other mechanisms that can affect their further precipitation down to the footpoints, such as stochastic acceleration on various kinds of MHD waves or shocks (see, e.g., Cargill et al. 1988; Anastasiadis & Vlahos 1991) and magnetic mirroring in the strongly converging magnetic field (McClements 1992; Zharkova et al. 1995) . However, the stochastic acceleration on MHD waves or shocks redistributes the energy to power-law spectra and does not change their directivity toward the magnetic field lines. Magnetic mirroring of accelerated electrons can lead to their return into the other leg and compensation of some proton charge in this leg, but it requires a strongly converging magnetic field, which was not considered in the current model. If the reconnecting loops do not have a converging field, then protons have to gyrate in one leg and electrons in the other down to the footpoints. Furthermore, a timescale of the precipitation and occurrence of the relevant X-ray and radio emission in flare footpoints can uncover a precipitation scenario.
Let us now evaluate the timescales of proton and electron precipitation in the current model. Assuming the height of the loop to be 10 7 m, a precipitation time of electrons ejected from a current sheet with energies of 30 keV ðcorresponding to the velocities of $10 8 m s À1 Þ is $0.1 s (see Fig. 5 and Table 2 , col.
[6]). Protons ejected from a current sheet with energies of $100 keV (Fig. 5) have velocities of $10 6 m s À1 (see also Table 2 ). Hence, the proton beam precipitation time is a factor of $10 s, which is a lower limit of the possible delay between separate precipitation of protons and electrons into the opposite legs. Therefore, the electrons, injected into one leg, propagate much faster (under 1 s) than the protons precipitating into the other leg ð$10 sÞ. The ''electron'' leg will produce hard X-ray emission immediately with the electron precipitation, and their charge can be neutralized by the induced electric field of return current (Zharkova et al. 1995) . On the other hand, protons are the subject of various plasma instabilities; i.e., they can induce MHD waves of various types (see, e.g., Voitenko 1998), which, in turn, accelerate the ambient plasma electrons to energies high enough for producing hard X-rays. However, the appearance of X-rays in this leg is to be delayed by the time of all the processes above that can be observed. In addition, the electrons emitting in hard X-rays in this leg have to have the thermal distributions since they are populated from the ambient plasma. This can lead to the spectral distinction between the two flaring footpoints: one of them, where electrons precipitate, is likely to have a nonthermal energy powerlaw distribution of the electron population responsible for the microwave and hard X-ray bremsstrahlung emission, while in the other leg, where protons precipitate, a thermal energy spectrum is to be observed.
The possible implications from the separation of protons and electrons discussed above are in surprisingly good agreement with some observations suggesting a temporal delay occurring between a precursor of the flare and the main flare event observed in radio emission (see, e.g., Aurass et al. 1999) . Moreover, there are spectral distinctions observed between the two opposite flaring footpoints of the same flare (see, e.g., Takakura et al. 1995) . In addition, the latest RHESSI observations of the flare on 2002 July 23 have revealed a separation of the gammaray footpoint from any of those observed in the hard X-rays (Share et al. 2003) . Obviously, in order to have more confident conclusions, if the proton-electron separation does take place in solar flares, more detailed theoretical analysis of the separation in a three-dimensional magnetic reconnection model is required, which will be the scope of the forthcoming paper.
CONCLUSIONS
In the present study electron and proton acceleration in a nonneutral current sheet with the three-component magnetic field is investigated. Assuming that the particles enter an RCS with thermal velocities, one can conclude the following:
1. The electric field of a current sheet is found to produce nearly monoenergetic beams with the electrons being accelerated to the energies 10-100 keV and the protons to hundreds of keV depending on RCS thickness.
2. Electrons and protons accelerated in an RCS by a superDriecer electric field have significantly different velocities at the ejection point: ð3 6Þ ; 10 6 m s À1 for protons and ð7 10Þ ; 10 7 m s À1 for electrons. 3. A strong asymmetry of proton and electron trajectories is found toward an RCS midplane, leading to their separate ejection from the RCS. The ratio of magnetic field components B y /B z defines the trajectory asymmetry as follows: B y =B z 10 À6 leads to ejection of fully neutralized beams (MY90; L96); B y =B z > 1:5 ; 10 À2 leads to ejection of completely separated beams of protons and electrons (ZP93); and 1:0 ; 10 À6 < B y =B z < 1:5 ; 10 À2 leads to ejection of partially neutralized beams.
4. Assuming that electron and proton beams are separately ejected from the RCS into different footpoints of a flaring loop (with the length of 10 7 m), the electrons are found to precipitate much faster (under 1 s) into one leg of the loop than the protons do into the other ð$10 sÞ. This can lead to a temporal delay of the occurrence of hard X-ray bremsstrahlung emission in the footpoint with protons in comparison with those with electrons in the other one.
